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Abstract 

The French collaboration EROS and the American-Australian collaboration MA- 
CHO have reported the observation of altogether ~ 10 microlensing events by 
monitoring during several years the brightness of millions of stars in the Large 
Magellanic Cloud. In particular the MACHO team announced the discovery of 8 
microlensing candidates by analysing their first 2 years of observations. This would 
imply that the halo dark matter fraction in form of MACHOs (Massive Astrophys- 
ical Compact Halo Objects) is of the order of 45-50%. The most accurate way to 
get information on the mass of the MACHOs is to use the method of mass mo- 
ments. For the microlensing events detected so far by the MACHO collaboration 
in the Large Magellanic Cloud the average mass turns out to be 0.27M Q . 



1 To appear in the proceedings of the Journees Relativistes 96 (Ascona, 25-30 May 1996), which will be 
published in Helv. Phys. Acta 



1 Introduction 



It has been pointed out by Paczyhski |T| that microlensing allows the detection of MACHOs 
located in the galactic halo in the mass range || 10 -7 < M/M Q < 1. In September 1993 
the French collaboration EROS || announced the discovery of 2 microlensing candidates 
and the American-Australian collaboration MACHO of one candidate J|. In the meantime 
the MACHO team reported the observation of altogether 8 events (one of which is a binary 
lensing event) analyzing 2 years of their data by monitoring about 8.5 million of stars in 
the Large Magellanic Cloud (LMC) []5J. Their analysis leads to an optical depth of r = 
2.9iJ;9 x 10~ 7 and correspondingly to a halo MACHO fraction of the order of 45-50% and 
an average mass 0.5io;|M Q , under the assumption of a standard spherical halo model. It 
may well be that there is also a contribution of events due to MACHOs located in the LMC 
itself or in a thich disk of our galaxy, the corresponding optical depth is estimated to be 
r = 5.4 x 1(T 8 |§. Moreover, the Polish- American team OGLE 0, the MACHO and 
the French DUO |§ collaborations found altogether more than ~ 100 microlensing events 
by monitoring stars located in the galactic bulge. The inferred optical depth for the bulge 
turns out to be higher than previously thought. 

An important issue is the determination of the mass of the MACHOs that acted as gra- 
vitational lenses as well as the fraction of halo dark matter in form of MACHOs. The most 
appropriate way to compute the average mass and other important information is to use the 
method of mass moments developed by De Riijula et al. ||, which will be briefly presented 
in section 3. 



2 Most probable mass for a single event 

First, we compute the probability P that a microlensing event of duration T and maximum 
amplification A max be produced by a MACHO of mass \i (in units of M Q ). Let d be the 
distance of the MACHO from the line of sight between the observer and a star in the LMC, 
t=0 the instant of closest approach and vt the MACHO velocity in the transverse plane. 
The magnification A as a function of time is calculated using simple geometry and is given 
by 

u 2 + 2 u 2 _d 2 + v^t 2 

U[U 2 



A ^ = -'-,2 + 4)1/2 > Wllere U ~ R 2 



Re is the Einstein radius which is R% = ^ D x(l — x) = rf^a;(l — x) with M = [xM® the 
MACHO mass and D (xD) the distance from the observer to the source (to the MACHO). 
D = 55 kpc is the distance to the LMC and te = 3.17 x 10 9 km. We use here the definition: 
T = Re/v t . 

We adopt the model of an isothermal spherical halo in which the normalized MACHO 
number distribution function of Vt is 

f(v T )dv T = \v T e-^ v »dv T , (2) 

V H 

with vh ~ 210 km/s the velocity dispersion implied by the rotation curve of our galaxy. The 
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MACHO number density distribution per unit mass dn/dfi is given by 



dn 
dfi 



H(x 



dno 


dn 



i 2 + R 2 



GC 



dno 

+ Rq C + D 2 x 2 — 2DRccxcosa dn ' 



(3) 



with dn /dfi the local MACHO mass distribution. We have assumed that dn/dfi factorizes in 
functions of \i and x ||. We take a = 5.6 kpc as the galactic "core" radius (our final results 
do not depend much on the poorly known value of a), Rgc = 8.5 kpc our distance from the 
centre of the galaxy and a = 82° the angle between the line of sight and the direction of the 
galactic centre. For an experiment monitoring N* stars during a total observation time t f, s 
the number of expected microlensing events is given by [f| 

dN ev = N+t ohs 2Dr E \ v T f(v T )(nx(l - x)) 1/2 H(x)——dfidu m i n dv T dx (4) 

j dn 

where the integration variable w m j„ is related to A max : A max = A[u = u m i n }. For a more 
complete discussion in particular on the integration range see ||. 

From eq.(f|) with some variable transformation (see JlO|) we can define, up to a normal- 
ization constant, the probability P that a microlensing event of duration T and maximum 
amplification A max be produced by a MACHO of mass /z, that we see first of all is indepen- 
dent of A mnn 
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We also see that P(n, T) = P(n/T 2 ). The measured values for T are listed in Table 1, where 
\imp is the most probable value. We find that the maximum corresponds to /ir^/t^T 2 = 13.0 
RIDI, pTT|| . The 50% confidence interval embraces for the mass /i approximately the range 
1/3// mp up to 3/zmp- Similarly one can compute P(/i, T) also for the bulge events (see 



Table 1: Values of [imp (in M & ) for eight microlensing events detected in the LMC {A* 
= American-Australian collaboration events (i = 1,..,6); F\ and F2 French collaboration 
events). For the LMC: v H = 210 km s' 1 and r E = 3.17 x 10 9 km. 
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0.099 


0.132 
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0.249 


0.329 


0.155 


0.172 


^MP 


0.13 


0.23 


0.41 


0.72 


0.81 


1.41 


0.31 


0.38 



3 Mass moment method 

A more systematic way to extract information on the masses is to use the method of mass 
moments as presented in De Riijula et al. M. The mass moments < /i m > are defined as 



< fi m >-- 



dfJL e„(/i) ^E-if 1 
dfM 



(6) 
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< /i m > is related to < r n >= I] e „ ents T n , with r = {vh/te)T, as constructed from the 
observations and which can also be computed as follows 

< r n >= J dN ev e n (n) r n = Vu TH T(2 - m)H(m) < /i m > , (7) 

with m = (n + l)/2 and 

V = 2Nj obs D r E v H = 2.4 x 10 a pc A 



10 6 star — years ' 
r(2-m)=/ ( — ) f(v T )dv T , (9) 
#(m) = / (ar(l - x)) m H(x)dx . (10) 

JO 

The efficiency e n (/i) is determined as follows (see 0) 

e "^" fdN*,(fi)T* ' (Uj 

where dN* v {p) is defined as diV e „ in eq.(D) with the MACHO mass distribution concentrated 
at a fixed mass fl: dn /d[i = n S(fi — For a more detailed discussion on the efficiency 



see ref. 12 



A mass moment < /i m > is thus related to < r" > as given from the measured values of 
T in a microlensing experiment by 

< fi rn >= —-, . (12) 

Vu TH T(2 - m)H{m) 

The mean local density of MACHOs (number per cubic parsec) is < yU° >. The average 
local mass density in MACHOs is < yU 1 > solar masses per cubic parsec. In the following we 
consider only 6 (see Table 1) out of the 8 events observed by the MACHO group, in fact the 
two events we neglect are a binary lensing event and an event which is rated as marginal. 
The mean mass, which we get from the six events detected by the MACHO team, is 

5^ = O.27M . (13) 

(To obtain this result we used the values of r as reported in Table 1, whereas Y{1)H{\) = 
0.0362 and Y{2)H{ti) = 0.280 as plotted in figure 6 of ref. §). If we include also the two 
EROS events we get a value of 0.26 M for the mean mass. The resulting mass depends on 
the parameters used to describe the standard halo model. In order to check this dependence 
we varied the parameters within their allowed range and found that the average mass changes 
at most by ± 30%, which shows that the result is rather robust. Although the value for the 
average mass we find with the mass moment method is marginally consistent with the result 
of the MACHO team, it definitely favours a lower average MACHO mass. 

One can also consider other models with more general luminous and dark matter distri- 



butions, e.g. ones with a flattened halo or with anisotropy in velocity space [13|, in which 
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case the resulting value for the average mass would decrease significantly. If the above value 
will be confirmed, then MACHOs cannot be brown dwarfs nor ordinary hydrogen burning 
stars, since for the latter there are observational limits from counts of faint red stars. Then 
stellar remnants such as white dwarfs are the most likely explanation. A scenario with white 
dwarfs as a major constituent of the galactic halo dark matter has been explored recently 
|[14|| . However, it has some problems, since it requires that the initial mass function must 
be sharply peaked around 2 — 6M Q . Given these facts, we feel that the brown dwarf option 
can still provide a sensible explanation of the above-mentioned microlensing events. Notice 
also, that brown dwarfs have been discovered quite recently in the solar neighbourhood and 
in the Pleiades cluster. 

Another important quantity to be determined is the fraction / of the local dark mass 
density (the latter one given by po) detected in the form of MACHOs, which is given by 
/ = Mq/po ~ 126 pc 3 < p 1 >. Using the values given by the MACHO collaboration 
for their two years data || (in particular uth — 0.661 corresponding to A > 1.75 and an 
effective exposure N*t b s of ~ 5 x 10 6 star-years for the observed range of the event duration T 
between ~ 20 - 50 days) we find / ~ 0.54, which compares quite well with the corresponding 
value (/ ~ 0.45 based on the six events we consider) calculated by the MACHO group in 
a different way. The value for / is obtained again by assuming a standard spherical halo 
model. 



Table 2: Values of Pmp (in M Q 
microlensing events detected by OGLE in the galactic bulge 
te = 1.25 x 10 9 km.) (T is in days as above.) 



as obtained by the corresponding P(p, T) for eleven 
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Pmp 


0.61 


1.85 


0.105 


0.18 


0.14 


0.065 


2.24 


0.32 


3.48 


0.13 


0.40 



Similarly, one can also get information from the events detected so far towards the galactic 
bulge. The mean MACHO mass, which one gets when considering the first eleven events 
detected by OGLE in the galactic bulge (see Table 2), is ~ O.29M 
discovered during the first year of operation by the MACHO team |7| 
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From the 40 events 
(we considered only the 
events used by the MACHO team to infer the optical depth without the double lens event) 
we get an average value of O.16M . The lower value inferred from the MACHO data is due 
to the fact that the efficiency for the short duration events (~ some days) is substantially 
higher for the MACHO experiment than for the OGLE one. These values for the average 
mass suggest that the lens are faint disk stars. 

Once several moments < p m > are known one can get information on the mass distribution 
dn /dfi. Since at present only few events toward the LMC are at disposal the different 
moments (especially the higher ones) can be determined only approximately. Nevertheless, 
the results obtained so far are already of interest and it is clear that in a few years, due also 
to the new experiments under way (such as EROS II and OGLE II), it will be possible to 
draw more firm conclusions. 

A major problem which arises is to explain the formation of MACHOs, as well as the 
nature of the remaining amount of dark matter in the galactic halo. We feel it hard to 
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conceive a formation mechanism which transforms with 100% efficiency hydrogen and helium 
gas into MACHOs. Therefore, we expect that also cold clouds (mainly of H 2 ) should be 
present in the galactic halo. Recently, we have proposed a scenario ||T5| , |16|1 in which dark 
clusters of MACHOs and cold molecular coulds naturally form in the halo at galactocentric 
distances larger than 10-20 kpc, where the relative abundance depends on the distance. We 
have also considered several observational tests for our model. In particular, halo molecular 
clouds would produce a 7-ray flux through the interaction with cosmic-ray protons. The 
detection of this 7-ray flux is below current detectability but might be observed with a new 
generation of gamma-ray satellites. 

References 

[1] B. Paczyhski, Astrophys. J. 304 (1986) 1 

[2] A. De Rujula, Ph. Jetzer and E. Masso, Astron. and Astrophys. 254 (1992) 99 
[3] E. Aubourg et al, Nature 365 (1993) 623. 

[4] C. Alcock et al., Nature 365 (1993) 621; Astrophys. J. 445, (1995) 133 
[5] C. Alcock et al., |astro-ph 9606T65| 

[6] A. Udalski et al., Acta Astron. 43 (1993) 289; 44 (1994) 165 and 227 

[7] C. Alcock et al., |astro-ph 951214^ 

[8] C. Alard et al., ESO Messenger 80 (1995) 31 

[9] A. De Rujula, Ph. Jetzer and E. Masso, Mont. Not. R. Astr. Soc. 250 (1991) 348 
[10] Ph. Jetzer and E. Masso, Phys. Lett. B 323 (1994) 347 
[11] Ph. Jetzer, Astrophys. J. 432 (1994) L43 

[12] Ph. Jetzer and E. Masso, to appear in the proceedings of the second workshop: "The 
dark side of the Universe: experimental efforts and theoretical frameworks" (Rome, 
1995) 

[13] F. De Paolis, G. Ingrosso and Ph. Jetzer, to appear in Astrophys. J. (1996) 

[14] CM. Tamanaha, J. Silk, M.A. Wood and D.E. Winget, Astrophys. J. 358 (1990) 164 

[15] F. De Paolis, G. Ingrosso, Ph. Jetzer and M. Roncadelli, Phys. Rev. Lett. 74 (1995) 14 

[16] F. De Paolis, G. Ingrosso, Ph. Jetzer and M. Roncadelli, Int. J. Mod. Phys. D5 (1996) 
151 



5 



